Methylation of lysine 4 (K4) within histone H3 has been linked to active transcription and is removed by LSD1 and the JmjC domain-containing proteins by amino-oxidation or hydroxylation, respectively. Here, we describe the deamination catalyzed by Lysyl oxidase-like 2 protein (LOXL2) as an unconventional chemical mechanism for H3K4 modification. Infrared spectroscopy and mass spectrometry analyses demonstrated that recombinant LOXL2 specifically deaminates trimethylated H3K4. Moreover, LOXL2 activity is linked with the transcriptional control of CDH1 gene by regulating H3K4me3 deamination. These results reveal another H3 modification and provide a different mechanism for H3K4 modification.
INTRODUCTION
Transcriptional regulation involves interactions between transcription factors and chromatin-modifying complexes ) that lead to changes in chromatin structure and histone modifications. One of the modifications linked to active transcription is histone methylation at lysine 4 (Shilatifard, 2008) . To date, LSD1 and JmjC domain-containing proteins are the only enzymes identified to be responsible for H3K4 demethylation (Mosammaparast and Shi, 2010; Shi et al., 2004; Tsukada et al., 2006) . Several observations suggest the existence of additional demethylases that use other chemical mechanisms to demethylate lysine residues within histone H3 (Schneider and Shilatifard, 2006; Smith and Shilatifard, 2010) . In the present study, we demonstrate that LOXL2, which is a Snail1-interacting protein (Peinado et al., 2005) , catalyzes an amino oxidase reaction to deaminate trimethylated lysine 4 in the histone H3. LOXL2 is member of the Lysyl oxidase (LOX) protein family, which is made up of copper-containing enzymes that catalyze the oxidative deamination of the ε-amino groups in lysines (Smith-Mungo and Kagan, 1998) . LOXL2 is involved in CDH1 repression and EMT induction (Peinado et al., 2005) ; however, the specific mechanism of action remains elusive. Here, we report that LOXL2 is a histone modifier enzyme that catalyzes H3K4me3 deamination. Moreover, it reveals a H3K4 modification, the formation of a deaminated lysine (allysine).
RESULTS

LOXL2 Is Located on Chromatin and Is Implicated in CDH1 Repression
LOXL2 has been associated with Snail1-dependent repression of CDH1 gene (Peinado et al., 2005) . Accordingly, LOXL2 depletion induced a more epithelial phenotype in different cell lines ( Figure 1A , left panel; Figure S1A available online), which correlated with an increase in epithelial markers ( Figure 1A , right panel; Figure S1B ). Indeed, in the absence of LOXL2, Snail1 no longer repressed CDH1 gene expression ( Figure 1B) . Conversely, LOXL2 overexpression led to a downregulation of CDH1 mRNA ( Figure 1C ). Importantly, a catalytically inactive LOXL2 (LOXL2mut) was unable to repress CDH1 transcription ( Figure 1C) . Therefore, transcriptional function of LOXL2 depends on its catalytic activity.
We determined LOXL2 subcellular localization by immunofluorescence and subcellular fractionation in several tumor cell lines. We observed that LOXL2 was predominantly nuclear (Figure 1D) , and associated with the chromatin fraction ( Figure 1E , upper panel), from which it was released upon nuclease treatment ( Figure 1E , lower panel). Moreover, ChIP assays demonstrated that LOXL2 was bound to the proximal promoter region of CDH1 in RWP1 and MDA-MB231 cells ( Figure 1F ).
LOXL2 Is a Corepressor and Interacts with Members of Repressive Complexes
In order to study the putative corepressor role for LOXL2, we performed a reporter assay with a GAL4-LOXL2 fusion protein (G4LOXL2). This fusion protein (G4LOXL2) repressed G4-TK promoter activity (Figure 2A ), whereas the inactive LOXL2 (G4LOXL2mut) did not ( Figure 2A ). These results suggest that LOXL2 behaves as a general repressor. Furthermore, we isolated LOXL2 interactors from HEK293 cells using tandem affinity purification. Mass spectrometry analyses identified several putative LOXL2 interactors, including RBBP4 (RbAp48), RBBP7 (RbAp46), CHAF1B (CAF1p60), and MTA1/2 ( Figure 2B ). Most of these proteins are members of repressive complexes, such as PRC2 (Kuzmichev et al., 2002) , HDAC (Kaufman et al., 1995; Zhang et al., 1998 Zhang et al., , 1999 , and CAF-1 (Verreault et al., 1996) . We confirmed some of these interactions by coimmunoprecipitation ( Figure 2C ; Figure S2A ). Pretreatment with ethidium bromide (BrEt) did not affect LOXL2 association with these proteins indicating that the interaction was not dependent on DNA ( Figure 2C ). The collective presence of these proteins points to a role for LOXL2 in transcriptional repression.
To further characterized LOXL2 function, we analyzed the functional consequences of knocking down LOXL2 expression on histone marks. Concomitantly with a reduced LOXL2 occupancy at the CDH1 promoter ( Figure 3A , left panel), knockdown cells showed an increase of H3K4me3/me2 marks ( Figure 3A , right panel). Upregulation of these marks, associated with active transcription, correlated with the increase in the CDH1 mRNA levels detected in LOXL2 deficient cells (see Figure 1B) . Conversely, although both ectopic LOXL2wt and mutant bound to the CDH1 promoter ( Figure 3B , left panel), only the active LOXL2 led to a decrease of H3K4me3/me2 marks in the same promoter ( Figure 3B , right panel), which correlated with a decrease in CDH1 mRNA levels ( Figure 1C ). We also examined the global effect of LOXL2 on the histone H3-associated lysine-methyl marks. As shown in Figure 3C (left panel), overexpression of LOXL2 led to a global decrease of trimethylated H3K4 (H3K4me3). Di-and monomethylated H3K4 (H3K4me2/me1) were also downregulated although to a lesser extent. We did not detect any significant decrease in H3K9me3/2 and H3K27me3. Accordingly, LOXL2 depletion resulted in an increase in the global levels of H3K4me3/me2 (Figure 3C , right panel) without any change in the repressive methyl marks.
LOXL2 Is an H3K4me3 Deaminase
Since LOXL2 is a lysine oxidase and a transcriptional corepressor, it may catalyze the conversion of trimethylated lysine 4, the most relevant methyl mark for active transcription, to allysine in H3 (deaminated K4). To analyze the histone deaminase activity, LOXL2 proteins (WT and mutant) were expressed in the baculovirus system, purified with anti-Flag beads (Figure S3A) , and incubated with different H3 peptides. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) and mass spectrometry analysis were carried out to assess the modification. For the ATR-FTIR experiments the difference spectra of each peptide was obtained subtracting the absorbance spectra of the peptide incubated with LOXL2 from the peptide without the enzyme. Thus, the positive bands seen in the difference spectra correspond to the formation of new chemical bonds ( Figure 4A ). ATR-FTIR difference spectra of the H3K4me3 peptide after LOXL2 incubation revealed a positive band at 1740 cm À1 , which corresponds to the formation of an aldehyde group (Socrates, 2001 ) ( Figure 4A ). Mutant LOXL2 failed to deaminate this peptide since no aldehyde group was formed ( Figure 4A ). Aldehyde formation was not detected when H3K4me1/me2 and H3K9me3 peptides were used, indicating that LOXL2 is specific for H3K4me3 ( Figure 4A ). Similar results were obtained when we extended the length of the peptides. LOXL2 did not show any activity on K4me1/K4me2, K9me3, and K27me3 peptides ( Figure S3B ), confirming that the length does not affect LOXL2 substrate specificity. We did not detect aldehyde formation either when we used an irrelevant peptide (Flag) as a substrate (not shown).
H3K4me3 deamination was also verified by mass spectrometry. Upon LOXL2 wild-type incubation, H3K4me3 peptide showed a net loss of 44 Da, which corresponds with the release of N(CH 3 ) 3 and the formation of an aldehyde ( Figure 4B ). As expected, H3K4me2 and H3K4me1 peptides were not affected by LOXL2. LOXL2 mutant failed to modify any of these peptides ( Figure 4B ).
We next added LOXL2 proteins to purified bovine bulk histones and nucleosomes and determined the histone methylation pattern by western blot. As shown in Figure 4C , LOXL2wt effectively reduced H3K4me3 levels. The effect of LOXL2 was dose dependent and did not modify other H3 methyl marks (Figure S3C ). To confirm LOXL2 specificity, LOXL2 complexes were obtained in 293T-transfected cells and in vitro deamination assays were performed with nucleosomes. This purified LOXL2 also presented high specificity for H3K4me3 ( Figure S3D ).
A proposed mechanism for the LOXL2-catalyzed deamination is shown in Figure 4D . The reaction involves the nucleophilic attack by a water derived-OH À to Lys Cε and the release of N(CH 3 ) 3 . Indeed, we detected O 18 in the generated aldehyde group when the reaction was carried out in the presence of H 2 O 18 (see the isotopic shift in Figure 4D ). This reaction requires the total substitution of the ammonium since a quaternary ammonium is a much better leaving group than primary, secondary, or tertiary amines. The generated alcohol is rapidly oxidized by an internal lysine-tyrosylquinone (LTQ), a redox cofactor that is formed in LOX proteins (Wang et al., 1996) . Finally, similar to what has been described for LOX (Lucero and Kagan, 2006) , LTQ is reoxidized with the simultaneous release of H 2 O 2 , a product that we detected in our reaction ( Figure 4D ). In order to check whether this reaction occurs in vivo, and since it was impossible to generate an antibody against this modification, we used an activated biotin that reacts with aldehyde groups. First, in a deamination in vitro assay, we confirmed the biotin incorporation in H3. Only posttranscriptionally modified H3 (H3 fraction purified from calf thymus) and not recombinant H3 (produced in bacteria and thus unmodified) was oxidized by LOXL2 (Figure 4E) . Then, we observed an increase of biotinylated H3 in the presence of LOXL2 in total extracts of HEK293-transfected cells, indicating that endogenous H3 had been oxidized ( Figure 4F ). To confirm the specificity for K4 detected in vitro, K4 in H3 was mutated to R (K4R). When ectopically expressed, K4R mutant was markedly less oxidized than the wild-type H3 upon LOXL2 transfection, further supporting the preference for K4 ( Figure 4G , lower left panel). We also detected this modification at the chromatin level by ChIP (Figure 4H, left panel) ; oxidized H3 was present at the CDH1 promoter upon LOXL2 expression. Conversely, elimination of LOXL2 decreased the extent of this modification in the same promoter ( Figure 4H , right panel).
DISCUSSION
Characterizing LOXL2 as a H3K4 deaminase significantly extends the current knowledge about the chemical reactions acting on H3. First, LOXL2 specifically acts on H3K4me3 revealing another H3K4 modification, deamination. LOXL2 displays high substrate specificity as a deaminase since it distinguishes histone H3 peptides with the same type of modification (trimethyl lysine) on different lysine residues (K4 versus K9 and K27). It is possible that the sequence and the structure surrounding these lysines contribute to this selectivity as have been previously described before for other demethylases (Li et al., 2006; Ng et al., 2007) . Moreover, the substrate specificity of LOXL2 is further highlighted by its ability to discriminate among the mono-, di-, and trimethylated forms of K4. The inability to deaminate mono-and dimethylated K4 is consistent with the proposed chemical mechanism, which it is not compatible with a deamination of H3K4me2/1. Similar to LOXL2 deaminase, other histone demethylases and methyltransferases have different capabilities in removing or adding methyl groups in lysines. However, we observed a slightly decrease in the global levels of H3K4me2/1 upon LOXL2 transfection (see Figure 3C ). This is likely an indirect consequence of the formation of a deamK4, which cannot be used as substrate for the H3K4me3 demethylases or H3K4 methyltransferases involved in H3K4me biosynthesis. Accordingly, LOXL2wt counteracts H3K4 methylation in vitro (not shown).
The results presented here do not resolve how lysine deamination can be reversed. It is possible that the generated aldehyde group could react in vivo with aminotransferase enzymes, which could catalyze the incorporation of an amino group. Alternatively, a histone variant replacement might exchange the deaminated histone by a new one that contains an unmodified H3K4 available for further methylation.
Genetic alterations of histone demethylases are detected in cancer, which suggests that aberrant activation or inactivation of these proteins contributes to tumorigenesis (Cloos et al., 2008) . LOXL2 is overexpressed in many human cancers (Payne et al., 2007) . It is tentative to speculate that LOXL2 deregulation might contribute to cancer progression due to its H3K4me3 deaminase activity that affects key genes in tumorigenesis. In agreement, transcription expression profile and ingenuity pathway analysis in MDA-MB-231 cells upon LOXL2 knockdown indicated that the global changes correspond mainly to those genes associated with cell cycle and cancer (Figures S5A and S5B) . Finally, this H3K4me3 deaminase activity could also affect important developmental genes, such us HOX genes; in fact Lysyl oxidases proteins are essential in notochord development in zebrafish (Gansner et al., 2007) .
EXPERIMENTAL PROCEDURES Subcellular Fractionation
RWP-1, MiaPaCa-2 and MDA-MB-231 cells were lysed in 10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl 2 , 340 mM sucrose, 10% glycerol, 0.1% Triton X-100, and 1 mM DTT supplemented with protease and phosphatase inhibitors for 8 min at 4 C. Samples were then centrifuged at 25,000 3 g at 4 C for 5 min. Supernatant was collected (cytoplasmic fraction) and the pellet was lysed in 3 mM EDTA, 0.2 mM EGTA, and 1 mM DTT supplemented with protease and phosphatase inhibitors for 30 min and centrifuged at 25,000 3 g at 4 C for 5 min. Supernatant (soluble nucleus) was separated from pellet (chromatin fraction). Histone H3 and b-tubulin were used as chromatin and cytoplasmatic markers, respectively. To release chromatin-bound proteins by nuclease treatment, cell nuclei were resuspended in 10 mM Tris (pH 7.4), 10 mM NaCl, 3 mM MgCl 2 , 300 mM sucrose, and 0.2 mM phenylmethylsulfonyl fluoride (PMSF) plus 10 mM CaCl 2 , and 1 unit of micrococcal nuclease. After incubation for different time periods at 37 C, nuclease reaction was stopped by the addition of 1 mM EGTA. Nuclei were collected by low speed centrifugation (3,000 3 g) and lysed according to the chromatin isolation protocol described above.
Affinity Purification of TAP-Tagged LOXL2
Generation of the stable EcR-HEK293 cell line carrying inducible tandem affinity purification (TAP)-tagged LOXL2, the purification of the TAP-tagged complex, and the identification of specific interacting proteins by tandem mass spectrometry (MS) were performed as previously described (Jeronimo et al., 2007) . The TAP eluates were separated on NuPAGE 8% Bis-Tris gel (Invitrogen) and subjected to MS analysis after silver staining. The MS-based protein identification proteomic analysis was carried out in the UPF/CRG Proteomics Facility (Parc de Recerca Biomè dica de Barcelona).
Coimmunoprecipitation Assays
Coimmunoprecipitation assays were carried out in HEK293 cells. Cells were transfected with pFLAG-CMV-hLoxl2wt/mut or an empty pFLAG-CMV by using polyethylenimine (PEI) reagent. Forty-eight hours after transfection, cell lysis and purification of the immunocomplexes was carried out as described for the Sf9 cells by using whether Flag M2 beads or EZH2, Sin3A, or HDAC1 antibodies. Ethidium bromide (100 mg/ml) was added in lysis and washing buffers.
Luciferase Reporter Assay
Reporter assays were carried out in HEK293 cells using 100 ng of the 4xGal4-TK-luciferase reporter. Cells were cotransfected with 10, 20, and 30 ng of both WT and mutant LOXL2. SV40-Renilla luciferase plasmid was also cotransfected (1 ng) to control efficiency. Transfection was performed using Lipofectamine. Expression of Firefly and Renilla luciferases was analyzed 48 hr after transfection.
Recombinant LOXL2 Purification LOXL2-Flag recombinant proteins (wild-type and mutant) were purified from Sf9 insect cells. Briefly, LOXL2-encoding baculovirus were amplified and the proteins were produced in Sf9 cells according to standard procedures. Cell lysis was performed as previously described (Wu et al., 2008) . Cell extracts were incubated with Flag M2 beads for 4 hr at 4 C and washed four times with 20 mM HEPES (pH 7.4), 1 mM MgCl 2 , 300 mM NaCl, 10 mM KCl, 10% glycerol, and 0.2% Triton X-100. Elution was carried out with Flag peptide (1 mg/ml) for 1 hr at 4 C.
Infrared Measurements
A sample of 200 ml of H3 peptide solution (1.3 mg/ml) was homogenously spread on one side of a germanium crystal (50 3 10 3 2 mm, Harrick, Ossining, NY, yielding 12 internal reflections at the sample side). The sample was left at 35 C for 30 min and a spectrum of 4000 scan was acquired. LOXL2 enzymatic kinetics started by the addition of 50 ml of LOXL2 (25 ng/ml) and then a spectrum was recorded every 10 min during 560 min. A total of 50 spectra of 2000 scans at a resolution of 4 cm À1 were taken and averaged in order to increase to signal-to-noise ratio. All the spectra were acquired at 35 C with a thermostatic circulatory bath connected to a stainless plate, using a FT6000 Bio-Rad spectrometer. For the H 2 O 18 experiments, KPI 100 mM buffer was lyophilized and resuspended in water O 18 . The contribution of water O 16 arising from LOXL2 addition (50 ml) was subtracted with the kinetics spectra of trimethylated H3 peptide in the same conditions without LOXL2.
MALDI-TOF-MS
Sample incubations were processed prior to mass spectrometric analysis, using manually confectioned POROS R2 containing Geloader tips. Sample solutions of 20-50 ml were applied to preconditioned tips, wash with 50 ml 0.1% TFA and peptides eluted with 0.5 ml 80% acetonitrile in 0.1% TFA, containing 20 g/l a-cyano-4-hydroxycinnamic acid directly onto the MALDI target. Mass spectrometric analyses carried out on a Voyager-DE STR Biospectrometry workstation equipped with a N2 laser (337 nm). Typically, spectra were acquired in reflectron mode with positive polarity. The array detector was set to high resolution and mass scans were accumulated in the mass range between 800 and 5,000 Da. External calibration of the spectrometer was (E) Biotin incorporation upon LOXL2 incubation using recombinant H3 (unmodified) or modified H3 (enriched H3 fraction from calf thymus) (upper, left panel).
performed using the Sequazyme Peptide Mass Standards Kit of the desired range. Recorded data were processed with Data Explorer Software.
Nucleosome Purification
After harvesting by centrifugation, 293T cells were resuspended in Buffer A (10 mM Tris buffer [pH 7.4], 10 mM NaCl, 3 mM MgCl 2 , 300 mM sucrose, 0.2% NP-40, and 0.2 mM PMSF) and homogenized by ten strokes in a Dounce homogenizer with a B-type pestle. After centrifugation, nuclei were resuspended Buffer A plus 10 mM CaCl 2 and four units of micrococcal nuclease. After incubation at 37 C, the nuclease reaction was stopped by the addition of 1 mM EGTA.
Deamination Assays
Bulk histones and nucleosomes (1 mg) were incubated with recombinant LOXL2-Flag proteins (300 ng and 3 mg, respectively) in 20 mM HEPES (pH 7.4), 100 mM NaCl, 1 mM MgCl 2 , 0.1 mg/ml BSA, and 5 mM CuCl 2 (deamination buffer). Reaction was carried out for 2 hr at 37 C and then analyzed by SDS-PAGE and western blotting. LOXL2 was purified from transfected 293T cells as described for the coimmunoprecipitation assays. Deamination assay with LOXL2 immunocomplexes was carried out as described by Wu et al. (2008) . Histone modifications were analyzed by SDS-PAGE and western blotting.
Hydrogen Peroxide Detection
Hydrogen peroxide detection was evaluated using Amplex Red fluorescence assay (Molecular Probes). This assay detects the presence of hydrogen peroxide produced from the activity of any amine oxidase. Briefly, H3 and H3K4me3 peptides (40 pmols) were incubated in presence of recombinant LOXL2 proteins (500 ng) in deamination buffer. The samples were incubated at 37 C and fluorescence was measured by emission at 590 nm after excitation at 560 nm using a Bio-Tek fluorescent microplate reader following the manufacturer's instructions.
H3 Oxidation Experiments
Recombinant H3 (New England Biolabs) and enriched H3 fraction from calf thymus (Roche) (250 ng) were incubated with recombinant LOXL2 (2 hr at 37 ) and the deamination reaction was carried out in presence of biotin-hydrazide (5 mM). Proteins were resolved in SDS-polyacrylamide gel electrophoresis gel and analyzed by western blot with streptavidin-HRP. In order to detect H3 global oxidation, HEK293T cells were cotransfected (10:1) with pFLAG-CMV-hLoxl2wt/mut or empty pFLAG-CMV plasmid, and pEGFP-C1. Thirty-six hours after transfection, cells expressing high GFP levels were sorted by a fluorescence-activated cell sorter. Cell pellets (4 3 10 6 cells for each experiment) were resuspended in soft lysis buffer (50 mM Tris [pH 8], 10 mM EDTA, 0.1% NP-40, and 10% glycerol) for nuclear enrichment. After 15 min of centrifugation at 3,000 rpm at 4 C, the resulting pellet was lysed with 2% SDS, 10 mM EDTA, 50 mM Tris (pH 8), and 5 mM biotin hydrazyde. Lysates were then incubated at 25 C for 2 hr and further diluted with dilution buffer (0.01% SDS, 1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8], 167 mM NaCl), to dilute SDS to a final concentration of 0.1%. Samples were then incubated with 5 mg of anti-histone H3 antibody for 15 hr. Immunocomplexes were collected with Protein A-magnetic beads (Millipore) and washed with high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8], and 500 mM NaCl). Proteins were resolved in SDS-polyacrylamide gel electrophoresis gel and analyzed by western blot with streptavidin-HRP.
To detect oxidation in Myc-H3 WT or Myc-H3 mutated (K4R), cells where cotransfected with LOXL2 WT or mutant and the H3 constructs. Oxidation detection was performed as described above and exogenous H3 was immunoprecipitated with anti-Myc. To detect H3 oxidation in specific promoters, ChIP assays were performed as described (Herranz et al., 2008) , but extracts were lysed in presence of biotin hydrazide reagent (5 mM) and samples were incubated at 25 C for 2 hr. Immunoprecipitation was carried out with antihistone H3. Precipitates were re-extracted with SDS lysis buffer and reimmunoprecipitated with streptavidin-magnetic beads for 30 min at 4 C. Then, the samples were treated with elution buffer and incubated at 65 C to reverse formaldehyde crosslinking.
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